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Development of Pre-Bent High-Strength
  Cable With Stainless-Steel
Reinforcement Strands
Gen Nishijima, Hidetoshi Oguro, Satoshi Awaji, Hirokazu Tsubouchi, and Kazuo Watanabe
Abstract—A 7-strand    superconducting cable, which
consists of three pre-bent    
 
 strands, three stain-
less-steel (SS) strands, and a center SS strand, was fabricated.
2.5 turns of the cable was wound on a 262-mm diameter GFRP
bobbin A triplet consisting of three pre-bent    
 

strands was also tested for comparison. The reinforcement effect
of stainless-steel strands in a cable was investigated to develop
a high-strength large-current superconducting cable. The hoop
stress test result indicated that the stainless-steel reinforced
   
 
 cable showed better performance than the
   
 
 triplet under the hoop stress, because the stain-
less-steel strands reduced the hoop stress on    strands.
Furthermore, the solder impregnation of the cable, which made the
seven strands a monolithic conductor, improved its performance.
Index Terms—   
 
, high-strength, pre-bending ef-
fect, superconducting cable.
I. INTRODUCTION
S UPERCONDUCTING properties of are strain-sen-sitive. A practical superconducting wire is a com-
posite, which chiefly consists of filaments and a Cu sta-
bilizer. After the reaction heat treatment, a compressive
residual strain is induced in due to the material thermal
expansion coefficient difference [1]. The residual strain deteri-
orates the superconducting properties.
The pre-bending treatment, which is a repeated in-plain
bending treatment, causes materials to yield. This causes the
reduction of residual compressive strain, and thus
the intrinsic superconducting properties appear [2]. Since the
authors found the pre-bending effect in practical super-
conducting wires, not only basic studies but also application
studies have been carried out.
From a basic study point of view, the residual strain for the
bronze route CuNb reinforced wires with/without the
pre-bending treatment were measured directly by the neutron
diffraction at room and low temperatures. The results suggest
that not only the axial residual strain reduction but also the ra-
dial residual strain reduction plays an important role in the su-
perconducting property enhancement effect [3].
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From an application point of view, we developed advanced
techniques combining the pre-bending effect with magnet
fabrication processes. The ‘pre-bent react-and-wind (R&W)
method,’ which is a combination of the pre-bending treatment
and the conventional R&W method, was developed. Several
coils using the pre-bent high-strength wires were devel-
oped and tested in magnetic fields. The experimental obtained
results indicated that the pre-bending treatment is quite benefi-
cial for the R&W method coil fabrication [4].
The cabling process combined with the pre-bending treat-
ment using reacted high-strength strands was also de-
veloped by the authors [5], [6]. The ‘pre-bent cabling’ process
is an analogy of the ‘pre-bent R&W’ process. Advances of the
‘pre-bent cabling’ process are not only to improve the transport
current capacity of the cable but also to utilize the pre-bending
effect of strands. It was demonstrated that the ‘pre-bent
cabling’ process is applicable to fabricate a triplet consisting of
CuNb reinforced strands.
In this study, a 7-strands cable, which consists of three pre-
bent 0.6-mm diameter strands and four stain-
less-steel strands to improve the mechanical characteristic of
the cable was fabricated. The cable is wound on a large diam-
eter bobbin and tested at 4.2 K in magnetic fields up to 11 T. A
triplet consisting of three pre-bent strands was
also tested for comparison.
II. CONDUCTOR FABRICATION AND EXPERIMENTAL
A. Strands Preparation
Two kinds of strands were prepared. One was
the high-strength strand reinforced with CuNb composite
, which was denoted as IS, and the other was
conventional one without reinforcement , denoted
as NR. Specifications and cross-sectional views for the two
strands are shown in Table I and Fig. 1.
Both strands were wound on 270-mm diameter stainless-steel
bobbin for the heat treatment. They were heat treated at 670
for 96 hours in an argon atmosphere.
B. Pre-Bending Treatment and Cabling
A schematic illustration of the pre-bent cabling procedure
is shown in Fig. 2. The heat-treated strand passed
through the pre-bending apparatus. The apparatus consists of
ten fixed pulleys which apply the repeated in-plane bending
(pre-bending) to the strand. The applied pre-bending strain
value was 0.8%, i.e. the pulley diameters were 75 mm.
1051-8223/$25.00 © 2009 IEEE
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TABLE I
SPECIFICATIONS OF    SUPERCONDUCTING STRANDS
Fig. 1. Cross-sectional views for (a)      and (b)    
strands. Diameter is 0.6 mm for both strands.
Fig. 2. Schematic illustration of the pre-bent cabling precess. The reacted
   strand passed through the pre-bending apparatus. After the pre-bending
process, the pre-bent strand supply spools are set to the cabling apparatus.
Four kinds of cables are the following: a triplet using pre-
bent IS, a cable using pre-bent IS, a triplet using NR
(without the pre-bending treatment), and a cable using
NR (without the pre-bending treatment).
The triplet consists of three strands. The cable
consists of three , three stainless-steel (SS) strands, and
a SS center strand. The SS strand diameter was the same as
that of strand. The three strands and the three
SS strands were arranged alternately around the SS center
strand. Schematic illustration of the cross sections were shown
in Fig. 3.
The cabling pitches are 40 mm for the cable and 30 mm
for the triplet. The values are chosen from the criterion that the
strand bending strain in the cable is 0.45% [6].
Fig. 3. Schematic illustration of the cable cross sections. The  	 
 cable
consists of three   and four stainless-steel (SS) strands. The three  
and three SS strands are arranged alternately around the center SS strand. The
cabling pitches for the triplet and the  	 
 cable are 30 and 40 mm, respec-
tively.
Fig. 4. Photograph of the test coil using the IS 	
 cable. The cable is wound
2.5 turns on a 262-mm diameter GFRP bobbin. The cross-sectional photograph
of the cable is also shown.
III. EXPERIMENTAL PROCEDURE
The cables were wound 2.5 turns on GFRP bobbins. The
winding diameter is 262 mm. Fig. 4 shows a photograph of one
of the test coil. Two pairs of voltage taps were soldered to in-
vestigate homogeneity along the cable length. One was for
the whole length of the cable, the other was for the center single
turn.
The test coil was immersed in liquid helium (4.2 K). The 12-T
superconducting magnet with a 360-mm room-temperature bore
was used for the back-up field magnet. The transport character-
istics were explored in the magnetic fields up to 11 T. The trans-
port current was increased linearly by a DC power supply.
The transport current direction was as follows: one was com-
pressive stress mode, that is, the Lorentz force applies in the
centrifugal (inward) direction, so that the compressive electro-
magnetic force was applied to the cable. The other was tensile
stress mode, the Lorentz force applies in the outward direction,
which corresponds to the hoop stress test. was determined by
a 10 criterion.
IV. RESULTS AND DISCUSSION
Figs. 5(a)–5(d) show the measured for the pre-bent IS
triplet, the pre-bent IS cable, the NR triplet and the NR
cable, respectively.
The cable was compared with , which was
calculated from the triple of the single strand . In the fig-
ures, two kinds of values, which are determined by the
Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 03,2010 at 01:13:38 EST from IEEE Xplore.  Restrictions apply. 
1114 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 19, NO. 3, JUNE 2009
Fig. 5. Critical current as a function of magnetic field for (a) pre-bent IS triplet, (b) pre-bent IS   cable, (c) NR triplet, and (d) NR   cable, respectively.
Solid triangles connected with dotted lines represent the triple of the single strand   . Solid markers connected with solid lines and open markers connected with
broken lines represent compressive stress mode   and hoop stress mode   for the cable. Circles and squares represent   of center single turn and whole length,
respectively.   definition is 100  for strand       and 10  for cable   .
voltage measured using whole length (whole length ) and
center single turn voltage tap pairs (center single turn ),
are compared. Whole-length and center single-turn are
represented by circles and squares. Solid markers connected
with solid lines and open markers connected with broken lines
represent compressive stress mode and hoop stress mode
for the cable.
A. Compressive Stress Mode Test
In Fig. 5(a), the compressive stress mode of IS triplet
reaches no-bent curve. The result that the cable consists
of reacted strands reached ‘strand ’ value
indicates that the enhancement effect by the pre-bending
treatment works well in the cable, which is consistent with our
previous result [5].
On the other hand, the compressive stress mode IS
cable is smaller than curve (Fig. 5(b)). It deteriorates
by a factor of 0.7 at 11 T. One of the reason of the deterioration is
an additional compressive strain in strands. The thermal
contraction ratio of the SS and the strand from 300 to
4.2 K are 0.26% and 0.14%, respectively [7]. The difference of
the thermal contraction ratio causes the additional compressive
strain in strands, and thus the deteri-
orated.
From an homogeneity point of view, whole-length was
smaller than center single-turn for IS cable (solid
circles and squares in Fig. 5(b)). The measured transient volt-
ages provided that a local degradation near a current terminal
dominated the characteristic of IS cable. The dif-
ference between the center single-turn and whole-length
for NR triplet was also explained by a local degradation near a
current terminal.
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B. Hoop Stress Mode Test
The hoop stress mode of IS triplet is deteriorated by the
hoop stress (open markers in Fig. 5(a)). The hoop stress is esti-
mated to be 340 MPa by using the product relation,
(1)
where , , are magnetic field, transport current density, and
coil radius. However, our previous studies reported that coil
did not deteriorate under 300 MPa hoop stress [8]. The results
suggest that the IS triplet deterioration caused by not only the
hoop stress but also the transverse stress.
In the case of IS cable, it was estimated that the four SS
reinforcement strands reduce the hoop stress on strands
by a factor of 3/7 ( 0.43). However, the improved only by
a factor of 1.2 at 11 T. This is caused by the local degradation,
which was mentioned in the previous section.
In order to fix the degradation, the IS cable was
solder-impregnated. The solder impregnation made the seven
strands a monolithic conductor. In addition, the solder im-
pregnation decreases the interstrand resistance, which pos-
sibly causes the more uniform current distribution in the su-
perconducting strands.
The center single-turn of the solder-impregnated IS
cable improved significantly (by a factor of 1.6). The hoop stress
mode exceeded . Furthermore, the quench current of
the IS cable was 351 A at 11 T, which corresponds to
260 MPa hoop stress. It corresponds to 556 MPa hoop stress if
the SS strands cross section is not taken into account. The result
implies that the solder-impregnated IS without any local
degradation show better performance.
A 20-T superconducting magnet with a 400-mm room tem-
perature bore is being designed for the superconducting outsert
for a 45-T hybrid magnet [9]. The hoop stress is calculated to
be 540 MPa in coils in the superconducting magnet.
To mitigate the degradation caused by such huge electromag-
netic stress, the coils are designed to employ the cables
which are consisting of four pre-bent strands and
five SS strands. The present work provides that the pre-bent
cable with SS reinforcement strands is effective
to improve tolerable stress.
V. SUMMARY
We successfully fabricated a superconducting cable con-
sisting of three 0.6-mm diameter pre-bent
strands and four stainless-steel strands. The reinforcement
effect of stainless-steel improves the transport characteristic
of the cable under the hoop stress. This is further improved
by solder impregnation of the cable. Consequently, we have
demonstrated that the high-strength cable reinforced
with stainless-steel strands is applicable for superconducting
magnet windings.
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